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Abstract
The development of methods for achieving precise spatiotemporal control over chemical and 
biomolecular gradients could enable significant advances in areas such as synthetic tissue 
engineering, biotic–abiotic interfaces, and bionanotechnology. Living organisms guide tissue 
development through highly orchestrated gradients of biomolecules that direct cell growth, 
migration, and differentiation. While numerous methods have been developed to manipulate and 
implement biomolecular gradients, integrating gradients into multiplexed, three-dimensional (3D) 
matrices remains a critical challenge. Here we present a method to 3D print stimuli-responsive 
core/shell capsules for programmable release of multiplexed gradients within hydrogel matrices. 
These capsules are composed of an aqueous core, which can be formulated to maintain the activity 
of payload biomolecules, and a poly(lactic-co-glycolic) acid (PLGA, an FDA approved polymer) 
shell. Importantly, the shell can be loaded with plasmonic gold nanorods (AuNRs), which permits 
selective rupturing of the capsule when irradiated with a laser wavelength specifically determined 
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by the lengths of the nanorods. This precise control over space, time, and selectivity allows for the 
ability to pattern 2D and 3D multiplexed arrays of enzyme-loaded capsules along with tunable 
laser-triggered rupture and release of active enzymes into a hydrogel ambient. The advantages of 
this 3D printing-based method include (1) highly monodisperse capsules, (2) efficient 
encapsulation of biomolecular payloads, (3) precise spatial patterning of capsule arrays, (4) “on 
the fly” programmable reconfiguration of gradients, and (5) versatility for incorporation in 
hierarchical architectures. Indeed, 3D printing of programmable release capsules may represent a 
powerful new tool to enable spatiotemporal control over biomolecular gradients.
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The ability to mimic the dynamic microenvironment surrounding cells in natural tissues is 
critical to engineering synthetic analogues.1–5 Cell fate is influenced by numerous molecular 
factors and interactions that require meticulous control for regeneration of functional tissue. 
In order to achieve such control, engineered matrices must be capable of generating 
multiplexed spatiotemporal molecular gradients in 3D architectures.6–8 Extensive research 
efforts to engineer such matrices have resulted in a number of promising methods to 
generate and control molecular gradients.1,9–14 For example, novel labile chemical linkers 
have been used to pattern and release biomolecules from polymer backbones in response to 
external stimuli.13, 15 While this method provides excellent spatiotemporal control, selective 
multiplexed release requires engineering orthogonal linkers for each molecular factor to be 
released, which can quickly become cumbersome. As a second example, microfluidic 
channels have been directly incorporated in hydrogels, providing a means to flow 
biomolecule solutions through the gels.12, 16, 17 This allows for the flexibility of generating 
steady-state gradients that can be maintained over long periods of time.12 However, multiple 
independent networks are required for multiplexed gradients, and an extensive pumping and 
fluid-handling infrastructure is required. This approach is thus more suitable as a route to 
generate vasculature by consistently supplying nutrients to and removing waste from the 
tissue, rather than a means of generating transient gradients of biomolecules that can control 
cell fate at a local level.18
Micro/nanoparticles loaded with biomolecules represent a versatile approach to delivering 
multiplexed gradients.6,19–22 While such particles can be made via numerous methods and 
from a wide range of materials, they are most commonly formulated from biodegradable 
polymers using double emulsification or coacervation methods.23 The particles can be 
efficiently loaded with a variety of biomolecular payloads, while maintaining their activities. 
Synthesizing particles loaded with different factors and localizing them within a hydrogel 
matrix can lead to the generation of multiplexed spatial gradients.6 The payload release 
kinetics can be adjusted by controlling particle properties (e.g., diameter, shell thickness, 
and porosity). However, spatiotemporal control over the gradients is typically coarse, as 
most scalable methods to synthesize particles result in highly polydisperse populations.24 
Recent research efforts have focused on two significant challenges to achieving robust 
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control over release kinetics. First, microfluidic methods are being developed to synthesize 
monodisperse particles with a high degree of control over particle properties.25–27 Second, 
strategies to render particles stimuli-responsive are being developed, so that the release of 
biomolecules can be manipulated externally and dynamically.20, 28–31
3D printing is an additive manufacturing technique with the potential to revolutionize the 
fabrication of bioactive nanodevices containing biotic–abiotic interfaces, for applications 
such as tissue engineering scaffolds.32–36 In prior work, we have shown that 3D printing 
offers the flexibility to interweave a wide palette of functional materials, including 
nanomaterials, biomaterials, and living cells, in a free-form, layer-by-layer manner.32, 37–39 
Moreover, in biomedical applications, each device can be customized to patient-specific 
designs and functionalities. Finally, the recent explosion of interest in this table-top 
manufacturing technology has dramatically lowered the technical barriers for entry and use.
Here, we introduce a novel 3D printing based method to produce highly monodisperse core/
shell capsules with robust control over particle properties, passive release kinetics, and 
particle distributions throughout a 3D matrix. Furthermore, we render these capsules stimuli-
responsive by incorporating AuNRs into the polymer shell, allowing for highly selective 
photothermal rupture and triggered temporal release of the biomolecular payload. Figure 1 
illustrates our concept. First, a patterned array of multiple aqueous cores containing 
functional biomolecules is printed on a solid substrate. Second, polymer shells 
functionalized with AuNRs are deposited to encapsulate each printed core. All of the 
fabrication processes are accomplished using a custom-built 3D printer (see Supporting 
Information) based on a fluid-dispensing robot combined with a digital pressure regulator. 
Finally, the programmable release of functional biomolecules is triggered by laser rupture of 
the polymer shell due to the photothermal effect caused by the localized surface plasmon 
resonance (LSPR) of the AuNRs.40
A critical first step is to develop reliable methods to print the aqueous cores, which contain 
the target biomolecules, with defined control over volumes and concentrations. Cores were 
printed using a 3D printer based on a Fisnar F5200N benchtop gantry (see Supporting 
Information). To tune the printability of the aqueous core inks, poly(vinyl alcohol) (PVA, 
MW ~ 85 000; Sigma-Aldrich) was added to adjust the ink to a suitable viscosity, and 
ethylene glycol (J.T. Baker) was added as a humectant. A typical core ink formulation 
consisted of 0.5 g of PVA and 2.5 g of ethylene glycol dissolved in 10 g of total solution. 
Into this solution, payloads such as food dyes, biomolecules, or enzymes were dissolved at 
concentrations ranging from 0.1 to 10 mg/mL.
Aqueous cores were first printed onto a hydrophobic substrate such as a polystyrene-coated 
Si wafer or siliconized glass slides (Hampton Research). Moderately hydrophobic substrates 
were selected (contact angles ~ 70°–100°) so that aqueous cores could partially wet the 
substrate and detach from the printer tip, while minimizing spreading and maintaining the 
droplet shape. The volume of dispensed droplets was controlled by varying the dispense 
time, applied pressure, and distance between tip and substrate. Figure 2A shows a 
representative region of a 25 × 25 array of blue aqueous cores with a 200 µm center-to-
center spacing printed on a polystyrene substrate. The diameters of the printed cores can be 
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controlled via proper modulation of the dispensing time and pressure during printing. As 
shown in Figure 2B, the mean core volume is 0.5 nL, with a total volume variation of less 
than 10%. To demonstrate spatial control, Figure 2C shows an optical image of an array of 
red and blue multiplexed cores with center-to-center spacings of 200 µm between red and 
blue neighbors. Significantly, the patterned arrays can be produced over large areas with 
high fidelity. Figure 2D shows the printing of a “Princeton tiger” consisting of 4000 red and 
blue cores, with a spacing of 400 µm.
To demonstrate the versatility and 2D multiplexing capabilities of this approach, we next 
sought to generate arrays of cores containing varying volumes and compositions,41 as 
illustrated in Figure 2E. The ability to dispense finely tuned volumes allowed us to adjust 
the core volumes by simply printing multiple droplets into the same core. Figure 2F shows 
two printed core arrays with the volume gradient variations mapped according to Figure 2E. 
The different colors between the two arrays were due to the different pH values of the cores, 
which was adjusted by varying the ratios of H2SO4 and NaOH inside, as indicated by the 
color of added m-cresol purple (red: pH = 1.25; violet: pH = 11.90; Sigma-Aldrich). A linear 
relationship between the core volume and the number of printed droplets was observed, as 
shown in Figure 2G. Next, we created capsule arrays with compositional gradients by 
overlaying multiple arrays of varying volumes. Specifically, we created an array of cores 
with varying pH values via the chemical reaction of the two printed cores. The final array 
with varying colors is shown in Figure 2H, suggesting that the pH values of the cores 
became more acidic from left to right (pH values: 11.90, 11.70, 11.42, 10.74, 3.59, 1.64, and 
1.25). This ability to readily generate arrays with a multifactorial composition gradient could 
be useful for combinatorial screening applications.42, 43
Next, shells were dispensed onto the capsule cores. In order to encapsulate the aqueous 
cores and achieve controllable core release, we developed a method to dispense a PLGA 
solution directly on the aqueous core, which dried into a uniform shell. Shell inks were 
prepared with PLGA (75:25, MW ~ 65 000– 107 000; Sigma-Aldrich) concentrations 
ranging from 0.5 to 5 wt % in dichloromethane (Sigma-Aldrich). Figure 3A shows the 
encapsulation of an aqueous core containing fluorescent dextran (40 kDa) by a shell formed 
from 2.5 wt % PLGA solution. The capsules were immersed in water to determine the 
leakage of dextran molecules through any potential defects in the polymer shell. The 
fluorescent images show the array at 0 and 24 h, suggesting minimal burst release and hence 
minimal shell defects. This is in contrast to typical solution-based preparations of polymer 
microcapsules, which yield capsules that have a well-known burst release over the first 24 h, 
caused by porous defects in the polymer shells.44 A key feature in this case that allows the 
PLGA solution to form uniform shells is that while the polymer solution and aqueous 
droplet are immiscible, the PVA in the core acts as an emulsifier and allows the polymer 
solution to fully wet the core droplet. Additionally, the high volatility and small volume 
allow the shell to rapidly solidify, forming a kinetically stabilized shell structure.
We next investigated whether adjusting the shell thickness by varying the PLGA 
concentration in the ink could provide control over the passive diffusion and release of 
biomolecules from the capsule cores. To determine this, we encapsulated horseradish 
peroxidase (HRP, Type I, 52 units/mg, Sigma-Aldrich) in capsules with PLGA shells of 
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varying thicknesses. Figure 3B shows the passive enzyme release, monitored by the 
colorimetric reaction of one-step 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS, Thermo Scientific) over 48 h. The release of fluorescent dyes was directly observed 
by fluorescent microscopy. To perform the assay, 10 × 10 arrays containing 1 mg/mL HRP 
were encapsulated with PLGA shells ranging from 0.5 to 5 wt %. A constant volume (50 
µL) of PLGA solution was used for the encapsulation to ensure minimal shell thickness 
variations. The arrays were submerged in 5 mL of a reaction medium composed of 1 mL 
one-step ABTS solution and 4 mL water in a six-well plate. The reaction was monitored by 
sampling 100 µL of the reaction medium and measuring the absorbance at 405 nm using a 
spectrophotometer over a 48 h time period. It can be seen that with increasing PLGA 
concentrations the HRP release rate decreased gradually, demonstrating that the passive 
molecular release can be tailored over a broad release profile by simply varying the polymer 
concentration in the shell ink. This is in contrast to solution-based methods, where release 
profiles depend on several processing variables and require a greater degree of optimization 
to achieve such control.23, 24 When the shell was printed from higher concentration PLGA 
solutions (≥2.5 wt %), the cores were well-encapsulated with minimal passive release. Thus, 
these high concentration PLGA films hold the highest potential as shell materials for 
stimuli-responsive release studies.
To achieve programmable control over 3D gradients, we incorporated AuNRs in the capsule 
shells. AuNRs strongly absorb and scatter light at the LSPR wavelength, which is dependent 
on the aspect ratio of the nanorod.45, 46 This absorption is nonradiative; hence, the absorbed 
energy is converted to heat, which suggests that nanorods are promising candidates for 
imparting a photothermal response.47 Here, we utilized the nanorods to locally heat and 
rupture the capsule shells. The sharp and tunable absorption makes them ideal to provide 
highly selective stimuli-responsive rupture to the multiplexed arrays. We utilized two 
different length nanorods (diameter 25 nm, Nanopartz Inc.) with vis–NIR absorption peaks 
at 650 and 785 nm at 100 OD/mL (Figure 4A). In order to incorporate the nanorods in the 
polymer shell, we utilized nanorods functionalized with a polymeric coating, which allowed 
the nanorods to be easily dispersed in the polymer solution (see Supporting Information). To 
prepare the ink, the AuNR solution was mixed with an equal part of 5 wt % PLGA in 
dichloromethane, yielding a solution with a final concentration of 2.5 wt % PLGA and 2.5 
OD/mL AuNRs in dichloromethane.
Figure 4B shows optical bright-field and dark-field images (transmitted and scattered 
components of light, respectively) of polymer shells (2.5 wt % PLGA) incorporating both 
lengths of nanorods printed in an alternating fashion. The observed colors of the printed 
shells indicate the successful incorporation of nanorods within the PLGA polymer, while the 
high contrast of the two kinds of nanorod-functionalized shells suggests the promising 
application of selective optical rupture. To confirm the LSPR wavelengths of the 
immobilized AuNRs for laser selection in photothermal release, the vis–NIR spectra of the 
printed capsule shells were measured as shown in Figure 4C. The spectra appear red-shifted 
(650 → 695 nm, 785 → 855 nm) due to the higher refractive index of the polymer compared 
to aqueous solutions. Minimizing aggregation of the nanorods is essential to maintaining the 
sharpness and location of absorption that allows for the selective multiplexed stimuli 
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response. The lack of shoulder peaks or a large shift in the plasmon peaks indicates that 
nanorods were indeed well dispersed in the PLGA shells.45
To test the ability to selectively rupture and release biomolecular payloads at different 
wavelengths, we encapsulated HRP-containing cores with capsule shells containing either 
650 or 785 nm LSPR nanorods. PLGA/AuNR shells were dispensed directly over the 
capsule array with a controlled volume (50 µL/cm2). The encapsulated array was then either 
submerged in aqueous media or covered with a layer of hydrogel. As discussed previously, 
PLGA solutions of higher concentrations were ideal for forming robust capsule shells for 
photothermal rupture. Comparing the data of 2.5 and 5.0 wt % PLGA in passive release 
experiments (red and blue curves in Figure 3b, respectively), it can be observed that the 2.5 
wt % PLGA shell kept the enzyme encapsulated with slightly higher efficiency as compared 
to the 5 wt % shell. This may be due to the potential for greater film defect formation in the 
higher concentration solutions caused by irregular drying. Additionally, the lower 
concentration polymer solution produces a thinner capsule shell, which is more favorable for 
photothermal rupture. Therefore, we selected 2.5 wt % PLGA as the optimized capsule shell 
for laser-triggered molecular release.
Diode lasers (Power Technology, Inc.) with emissions at 658 and 783 nm and intensities of 
100 and 125 mW, respectively, were used for the rupturing measurements. The laser spot 
size was focused to approximately 30 µm, so that capsules could be individually addressed 
with high resolution (see Supporting Information). In order to accurately position the lasers, 
they were directly mounted on the benchtop gantry arm using a custom fabricated holder. 
The laser rupture pathway was programmed using the Smart Robot software with line 
speeds ranging from 5 to 10 mm/s. The optimal laser intensity and concentration of 
nanorods in the PLGA films were determined in both air and water ambient conditions (see 
Supporting Information). The laser rupture and functional molecule release was first 
demonstrated by an HRP solution covered by a bulk PLGA film. As shown in Movie 1, the 
650 nm nanorod-functionalized PLGA film was ruptured via parallel passes by a laser of 
wavelength 658 nm, and the solution containing the HRP enzymes was gradually released. 
To measure laser-triggered HRP release from a single capsule, the fluorometric reaction 
with the Amplex Red (Life Technologies) reagent was monitored using fluorescence 
microscopy. The HRP encapsulated array was covered with a hydrogel ambient containing 
the Amplex Red reagent. The hydrogel was prepared by adding 1 mL of 5× reaction buffer 
to 4 mL of 40 wt % Pluronic F-127 (Sigma-Aldrich) aqueous solution at 4 °C. To this 
solution, 50 µL of a 10 mM Amplex Red solution in DMSO and 25 µL of 3% H2O2 were 
added just prior to use. The assay was performed by dispensing approximately 100 µL of 
hydrogel medium on a HRP capsule array.
Figures 5A and 5B show optical bright-field and fluorescent images of ruptured capsules 
with 650 and 785 nm nanorod-modified shells, respectively. The top image row shows 
capsules that have been ruptured with a single pass of the laser, and the bottom row shows 
capsules that have been ruptured with a double pass. The fluorescent images were taken at 1, 
3, and 10 min after laser irradiation and show the progression of the reaction between the 
released HRP and fluorometric substrate (Amplex Red) present in the ambient hydrogel. 
Next, we quantitatively analyzed these selective biomolecular releases over an entire array 
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of capsules that had been ruptured with a single pass, double pass, or exposed to the 
opposite laser, by monitoring the colorimetric reaction of ABTS in 1 h. These experiments 
are shown in Figures 5C and 5D for 650 and 785 nm nanorod-modified shells, respectively.
Significantly, both the visible optical images and quantitative absorption plots clearly 
demonstrate that the capsules are ruptured only when exposed to their corresponding laser 
wavelengths, and thus the stimuli response is orthogonal and selective. Moreover, we 
showed that by manipulating the number of passes of the laser over the ruptured area of the 
capsule, the release rate of the payload could be very accurately controlled even at very 
short time scales. This capability provides control over the temporal release of biomolecules 
within the capsule array even at the level of a single capsule. This high-resolution capability 
to address individual capsules can further be extended over an entire array to rupture 
capsules in a programmable manner (see Supporting Information). The critical role of 
AuNRs in the photothermal rupture of the PLGA shells was further verified by control 
experiments showing that nonfunctionalized shells remained pristine when exposed to both 
laser sources. Additionally, we observed that efficient heating and rupturing of the shells 
was also dependent on nanorod diameter. Specifically, the PLGA polymer shell could not be 
fully ruptured if smaller diameter nanorods (10 nm) were incorporated, instead of the larger 
25 nm diameter nanorods. This finding is expected, as the extinction coefficient increases 
with the nanorod diameter.48
The localized heating due to absorption in the AuNRs is expected to minimally impact the 
surrounding microenvironment. However, since the microenvironment can host biologically 
active species whose function is degraded at elevated temperatures—for example, 
biomolecules within the core and cells within the surrounding matrix—we examined the 
associated heat transfer characteristics based on the experimental conditions (see Supporting 
Information). The laser spot size (DL ~ 30 µm) and the experimentally observed rupture area 
(ca. 40 µm, from Figure 5) are much smaller than the particle diameter (Dp ~ 200 µm), and 
the polymer shell thickness (~10 µm) is significantly less than both Dp and the hydrogel 
thickness (tg > 1 mm). Therefore, it is useful to model the associated thermal effects as a 
one-dimensional conduction problem with a boundary heat source and a semi-infinite 
domain. Given that the dissipation of heat by absorbed and scattered photons, and the 
conduction of heat in the nanorod-functionalized shells, are much more rapid than the 
conduction within the inner aqueous core and the surrounding hydrogel matrix, the resultant 
temperature profile within the hydrogel is described by49
(1)
Here, T(x,t) is the temperature in the hydrogel at position x and time t, Ts is the steady state 
temperature of the nanorodfunctionalized polymer shell, Ti is the initial temperature of the 
hydrogel (room temperature), and α = k/ρCp is the thermal diffusivity, where k, ρ, and Cp 
are the hydrogel thermal conductivity, density, and heat capacity, respectively.
We assume that α is similar to the thermal diffusivity of water, 0.143 × 10−6 m2/s;50 Ti = 22 
°C, and since the melting temperature of the polymer is 40–60 °C, we used Ts = 50 °C. To 
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determine the heating impact on the microenvironment, it is useful to calculate the heat 
penetration depth (tpen) into the surrounding hydrogel, as excessive heating may cause cell 
damage. Considering that the experimentally observed rupture was approximately 0.03 s 
(i.e., LD/laser scan rate of 1 mm/s), and assuming that loss of biological activity in cells 
occurs when the temperature exceeds 40 °C, only the immediately surrounding hydrogel 
matrix within tpen = 43 µm of the nanorod-functionalized shell would reach the threshold 
temperature. The remainder of the hydrogel would remain below the threshold temperature. 
On the other hand, the threshold temperature will vary inside the core. The aqueous core is 
expected to have a higher tolerance, as biomolecules are typically more robust than cells. 
Here, we employed HRP as the model in the selective release experiment. Although 
enzymes exhibit lower thermal stability compared to other biomolecules, such as DNA and 
small molecular drugs, the denaturation temperature of the enzyme is ~70 °C (the threshold 
temperature of the core). This is sufficiently high that the brief exposure to the laser light is 
highly unlikely to lead to denaturation.
The approach described provides an excellent means of generating 2D arrays of capsules on 
a solid substrate, for selectively programmable biomolecular release. These arrays have 
tremendous potential as a spatiotemporal platform to controllably probe the effects of 
multiplexed biomolecular gradients. A significant challenge is to create 3D arrays of the 
capsules,51 but this requires that the aqueous core be fully encapsulated without an 
underlying substrate. To address this, we developed a new type of ink based on a water-in-
oil emulsion of the aqueous core in the PLGA solution (Figure 6A). The emulsion inks were 
prepared via high-speed dispersion of aqueous core solutions into the PLGA/AuNR solution. 
The core was an aqueous solution of food or fluorescent dyes—green (poly(fluorescein 
isothiocyanate allylamine hydrochloride), Sigma-Aldrich) or red (Rhodamine B 
isothiocyanate-dextran (MW ~ 40 000, Sigma-Aldrich))—at concentrations ranging from 
0.1 to 1 mg/mL. The PLGA/AuNR solution was prepared with 10 wt % PLGA and 2.5 
OD/mL AuNRs (780 nm absorption) in dichloromethane. To prepare the emulsion, 200 µL 
of the aqueous core was added to 800 µL of the PLGA/AuNR solution and dispersed using 
an IKA T10 disperser at 30 000 rpm for 60 s. Care was taken to adjust the viscosity and 
density of both the aqueous and organic phases to limit separation of the dispersed droplets 
during the printing process. In order to avoid the direct passive release of the aqueous core, a 
10 wt % PLGA solution was employed to form the polymer shell in this emulsion-type ink.
As shown in the schematic, the emulsion-based ink was directly printed into a thin layer of 
an aqueous hydrogel. Once printed, the solvent rapidly evaporated through this layer, 
leaving behind a solidified capsule. Thus, the hydrogel and capsules can be readily printed 
in a layer-by-layer fashion to create complex 3D hierarchical programmable capsule arrays. 
A wide range of hydrogels can be easily incorporated. For these experiments, we utilized a 
hydrogel based on Pluronic F-127 that gels at concentrations above 20 wt % at room 
temperature. The hydrogel ink was prepared using a 40 wt % solution of Pluronic F-127 in 
water. 3D arrays were printed sequentially by depositing the hydrogel and emulsion inks in a 
layer-by-layer manner (Movie 2). First, the base layers of the hydrogel ink were dispensed 
on a glass slide. Next, the emulsion ink was directly dispensed into the hydrogel layer. This 
sequence was repeated to create free-form hierarchical structures with multiple capsule 
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layers. The structure of the hydrogel medium and the patterns of emulsion capsules were 
programmed with the Smart Robot software.
Since the 3D printing process is based on digital software control, any number of rationally 
designed advanced architectures can be constructed by this method. For instance, Figure 6B 
shows an optical photograph of a hollow hydrogel cylinder containing alternating layers of 
red and blue capsules in the cylinder wall. The process for 3D printing the structure is shown 
in Movie 2. Another example of a complex 3D structure is shown in Figure 6C, consisting 
of two inverted pyramidal arrays of capsules printed within a solid hydrogel cube. Precise 
control over spatial patterning can be thus demonstrated by this emulsion ink-based printing.
The fluorescent microscope image in Figure 6D shows a single layer of a multiplexed 
capsule array containing fluorescently tagged dextrans in dispersed aqueous droplets, of 
which the resolution (center-to-center spacing of ~200 µm between red and green neighbors) 
is similar to the capsule arrays fabricated by sequential printing. Furthermore, we 
demonstrated the stimuli-responsiveness of these capsules by releasing water-soluble 
fluorescein dye. Figure 6E (panel I) shows a printed capsule with a fluorescein 
(poly(fluorescein isothiocyanate allylamine hydrochloride)) tagged aqueous core and Nile 
red tagged PLGA shell functionalized by AuNRs. Once ruptured (panels II through IV) by 
the corresponding laser, the release of fluorescein can be observed via the increasing green/
yellow color. Thus, these emulsion-based inks fully enable complex 3D arrays with selective 
spatiotemporal response and functionality.
In summary, we have developed a novel technique to directly print selectively 
programmable release capsules in multiplexed arrays. This demonstration represents a proof 
of concept to illustrate that the combination of additive manufacturing techniques and 
functional plasmonic nanomaterials can facilitate the hierarchical assembly of materials in 
new and unique ways. Here, 3D printing allowed us to efficiently generate highly 
monodisperse capsules in well-defined spatial patterns, while being able to independently 
and precisely control the core volumes, compositions, and shell thicknesses. The addition of 
AuNRs imparted a highly selective stimuli response, allowing for the rupture and release of 
biomolecules from these multiplexed arrays. Finally, implementing an emulsion-based ink 
allowed us to extend this approach to complex 3D arrays directly interwoven within a 
hydrogel matrix. Future studies will focus on several remaining challenges, including (1) 
improving the resolution and spatial alignment of these printed capsules, (2) developing 
stimuli-responsive shells with reversible payload release properties, (3) developing methods 
to quantify in real time the concentrations of payload molecules within the capsule cores, 
and (4) proving the biocompatibility and applicability of 3D matrices with printed capsules 
at the cellular level.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Programmable printing and rupturing of capsules: (I) multiplexed arrays of aqueous cores 
containing biomolecular payloads are printed directly on a solid substrate; (II) PLGA 
solutions containing AuNRs of varying lengths are dispensed directly on the aqueous cores, 
forming a solid stimuli-responsive shell; (III) the capsules are selectively ruptured via 
irradiation with a laser wavelength corresponding to the absorption peak of the nanorods.
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Figure 2. 
Printing of aqueous cores. (A) Optical micrograph of an array of blue aqueous cores with a 
center-to-center spacing of 200 µm (colors are from commercial food dyes). (B) The 
corresponding histogram shows the distribution of droplet volumes. (C) Optical micrograph 
of a multiplexed array of red and blue capsule cores with spacing of 200 µm between cores 
of opposite color. (D) Optical image of large scale (>4000) multiplexed patterned red and 
blue capsule cores in the shape of a “Princeton tiger”. (E) Schematic illustrating the 
generation of capsule arrays with varying compositions. Arrays with varying volumes are 
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generated by dispensing multiple droplets in the same locations. Overlaying them creates 
arrays with varying compositions. (F) Optical micrographs of two different pH capsule 
arrays with varying core volumes. The number of dispensed drops varies from 1 to 8 drops 
across the array. (G) Plot showing a linear relationship of core volume to the number of 
droplets dispensed. (H) Optical micrograph of a 2D array with varying pH, adjusted by the 
ratio of H2SO4 and NaOH within, indicated by the color of m-cresol purple.
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Figure 3. 
Encapsulation of the aqueous core with a PLGA shell. (A) Fluorescent optical micrographs 
showing the stability of encapsulated cores containing Rhodamine B isothiocyanate–dextran 
submerged in water over a 24 h period. (B) Plots showing tunable passive release kinetics of 
HRP from capsule arrays, monitored by an ABTS substrate, achieved by varying the 
thickness of the PLGA shell (N = 3).
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Figure 4. 
Incorporation of AuNRs in the PLGA shell. (A) TEM images of two different length AuNRs 
(diameter ~25 nm) with absorption peaks centered at 650 and 785 nm. (B) Bright-field (left) 
and dark-field (right) optical micrographs of dispensed PLGA shell arrays functionalized 
with different length nanorods. In the bright-field image, the blue and red colors correspond 
to the 650 and 780 nm absorption nanorods. The colors are switched in the dark-field image 
because this shows the scattered component of light as compared to the transmitted in 
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bright-field mode. (C) Vis–NIR spectra of PLGA shells loaded with different length 
nanorods.
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Figure 5. 
Selective laser-triggered rupture and release of enzymes. (A, B) Bright-field and fluorescent 
optical images of 650 and 785 nm ruptured capsules showing release of HRP (monitored by 
Amplex Red), respectively, with release rate controlled by the ruptured area of the PLGA 
polymer shell (edge length of the square images: 300 µm) (C, D) Plots showing release of 
HRP from ruptured capsule arrays, demonstrating orthogonal selectivity of AuNR-encrusted 
capsules as well as fine control over release kinetics, monitored by an ABTS substrate (N = 
3).
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Figure 6. 
3D printing of hierarchically multiplexed capsule arrays. (A) Schematic illustrating an 
emulsion ink-based method to 3D print complex capsule arrays. The emulsion ink is 
prepared by directly dispersing the aqueous core in the PLGA solution. The hydrogel and 
emulsion inks are sequentially printed in a layer-by-layer manner to form a 3D structure. (B, 
C) Optical images of 3D multiplexed capsule arrays directly printed in cylindrical and 
square hydrogel matrices, respectively (colors of the capsules are from food dyes in the 
dispersed cores). (D) Fluorescent optical image of a single layer of a multiplexed emulsion-
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based capsule array. (E) Fluorescent optical images showing rupture and release of 
fluorescein dye (poly(fluorescein isothiocyanate allylamine hydrochloride)) from an 
emulsion capsule with Nile red stained PLGA (I: before laser rupture; II, III, IV: 15 min, 1 
h, and 2 h after laser rupture; diameter of the capsule: ~300 µm).
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